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move from eaet-northeast in the hurricane season. We 
shall not oniit Iiienfioning the direction that the upper 
clouds hare at  San Juan, Porto Rico. In general it can 
be stated that the current from the second quadrant pre- 
dominates, the tiiiies at  which the southwest direct,ion is 
observed being relatively few. 

There will hardly be found a serics of observations of 
clouds so estended and so coniplete as that of the obser- 
vatory at  Bel& College, Havana. The currents of the 
atnios here have been observed very carcfully at inter- 

In the paper that its director, Father Gangoiti, pub- 
lished in 1904 we find the following result,s for the period 

vals o r two hours during a period of 50 years or inore. 

1898-1902. 

Mean direction of u.pper clorids at Havana, from the observations 
for 11 years (lS32-1909). 
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Jme .__. ._____._._.__ N.49W. N.  SI W. 

Felma’ry.. . . . . . . . __. d. s2 W: I S. s l  W. 

i‘onchisi.on.-There do not esist sound arguments in 
favor of t.lie theory of the untitrade wmcl as advanced 
bv inany writers. In the observations in Ecuador, 
Bogota, Mesico, and the Antilles that upper current is 
not found to be constant and permanent. 

THE DEVELOPMENT OF METEOROLOGY A S  ILLUSTRATIVE OF T H E  ROLE OF MATHEMATICS IN T H E  PROGRESS 
OF SCIENCE.’ 

By EDCIAR W. WOOLARD. 
[Weather Bureau, Washington. D. C., Der. 10,19?3.] 

Mathematics plays a singularly fundamental r61e in all 
domains of esact scientific thought. In  the words of 
Spottiswoode,2 “Conterniinous witrh space and coeval with 
time is the kingdom of Mathematics; within this range 
her dominion is supreme: othem-ise than according to 
her order nothing can exist: in contra.diction to her laws 

On her mysterious scroll is to be nothing takes 
found written or those who can rend it, that which has 
been, that which is, and that which is to come.” An 
irrefutable proof of this claini is provided by an undysis 
of the r61e which mathematics has actually played in the 
develo ment of the sciences: and in the present paper 

of Meteorolo as an %stration. 

and comfort come from an understanding o the environ- 
ment in which he finds himself-as Bacon said, Knowledge 
means power and control over Nature; besides, he natu- 
rally feels an innate lon ing to know the explanations 

among the great nations of remote antiquity-the Egyp- 
tians, Ass ria-, and Babylonians. 

first to attract attention, and meteorology, as a branch 
of knowledge, is probably as old as mankind, particularly 
since in early times priniitive man lived largely in the 
o en, as hunter or agriculturist, and was forced to watch 

Weather lore existed among the Chaldeans and the Raby- 
lonians two or three thousand years before the Christian 
era. 

The h t  niajor period in the history of nieteorology 
ma be taken to be that from antiquit to about 1600 
A. 5. Early knowledge was cultivate8only for imnie- 
diate practical needs, and in very primitive tinies the 
mere observation of facts without inquir as to causes 

constitute true science: We must generalize from our 
observations; the ultimate goal of scientific research is 
the discovery of fundamental and comprehensive laws, 
and the demonstration of how the phenomena and their 

. Pace 

we sha 7 1 use the histo and present status of the science 

B Man quick Y p finds by experience that his reatest good 

of the henomena that 5l e sees going on about him.‘ 
Hence t !l e very beginnings of natural science are found 

Atmosp K tric phenomena must have been among the 

t % e weather closely for the sake of his own ~ e l f t l r e . ~  

was as f a r  as it was carried; such know r edge does not 

1 Presented before the Fourteenthmeetlng of the Maryland-Virginia-District of Colum- 
bia Sectlon of the Mathematiil Assoristion of America, AIIX1ap6lii1, Md., December 8, 
1923. 

Wm. Spottiswoode: Presidential address before the British Assoriation. Re#. Brit. 
Allot. Adv. Sd., Dublin 1818. pp. 1-32. London, 1S79. 

8 Sw R D Carmichaei. The r6vislon made b mathematics for the needs of science. 
5ci-x < ~ . b  u as-ii, le&. 

4 Cf. ’R. D.* % s h e i d  Motives for the cultivation of mathemstlw. Sckni@c 
Monthly 8 16&178 1919. 

6 See &.’Hellmahn. The dawn of meteorology. Quor. Jow. Roy. Met. Soc., Sa, 
221-23!2,1908. 

laws result from a few simple underlying principles. 
Simple generalizations were made at  an early stage by 
the ancients, but it was left to the Greeks to initiate 
abstract thought and to iiirent explanat,ory hypotheses. 
Greek thought culminated in the eat system of Ari- 
s t d e  (.384-322 B. C.), who gatherertagether and syste- 
matized all knowledge t,hen esisting, and subdivided 
Science, which at  t,liat tinie was only a part of Philo- 
sophy, into various special subjects. Aristotle’s Mete- 
ordogica was the first treatise on nieteorolo . Out- 

and the Moors, there is little to record in the history of 
any science during the ensuing 2,000 years of scholastic- 
ism and introspection. 

Early science accepted its hypotheses without any 
adequate verificat.ory inquiry-its explanations did not 
have to explain iiiore than they were directly invented 
to ex lain, and they did not have to cohere with pre- 

undisc.orerec1 facts: much of this (‘ science” was there- 
fore quite fantast.ic. The mo&m trained man of 
science “uses liis powers of observation to discover the 
facts of nature, his inventive ingenuity to propose 
various possible hypotheses for the explaaation of the 
fact,s, his power of logical reflection to think out, or 
deduce, froni each hypothesis, in accordance with pre- 
viously acquired, pertinent knowledge, just what ought 
to happen if the hypothesis were true, and his impartial 
faculty of verification to decide which hypothesis, if 
any, is competent to explain the observed facts;”’ and 
he must constantly be on his guard against the numerous 
errors that inay creep in a t  any stage of the procedure. 
In the sixteenth century there was a general reconstruc- 
tion and reorganization of thought: modem methods in 
science began with Galileo, and the complete Scientific 
Method came into proniinence under the leadership of 
Francis Bacon (1561-1626). In  philosophy, a reaction 
“back to nature’’ took lace, away from the barren 

left the pliiloso hic fold, and became di erentiated one 

mteenth and sixteenth centuries, and the revolution in 
astronom occasioned by the work of Copernicus (1473- 
1543) anBBepler (1571-1630), contributed to a broaden- 
in of man’s mental horizon that ushered in a new area. 

%‘he second major period of meteorological history is 
that from 1600 to about 1800. The first essential in any 

side of the activities of the Alexandrian School, t ?? e Arabs, 

viousy P acquired knowledge nor be able to predict 

2 scholasticism of the Mid B e Ages: the s ecial sciences 

from another: t R e great geographical discoveries of the 

‘See E. W. Webster: The works of Aristotle trsnslated into English: Metemologim. 

1 W. ba. Divis: The reasonableness of science. SdcntijiC h h t h l y ,  16,193-214,lBM. 
Oxford 1823 
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natural science is to gather data by actual observation; 
the meagre observations of the ancients had been very 
crude, mostly made without the he1 of instrumenbs, and 
much influenced by superstition an8  im ination. '0Fit.h 

of the barometer by Torricelli in 1643, accurate meteoro- 
logical observations became gossible. Many meteoro- 
logical stations were establis ed in Euro e; and the 

phere, the heating of t.his at.mosphere by the sun, and the 
distribution of winds, temperature, etc. over the globe, 
became well known.* The variable winds of the temper- 
ate zones, and in particular the storms and changes of 
weather, however, remained but little understood, on 
account of their irregularity and complesity, a1 though 
in 1760 Benj timin Franklin discovered the regulttr travel 
of storms in eastern United  state^.^ The physical prop- 
erties of air, such as mass, weight, pressure, resistunoc, 
inertia, denshy, yiscosity, eqmnsion with hcot, etc.? 
were elucidated in the sisteenth and seventeenth cen- 
turies, and l.he chemical na.ture of the aitmosphere dis- 
covered near the close of the eighteenth century. 

Throughout this period. meteorology wa.s in it,s early 
infancy, an almost purely observational and empirical 
science, greatly lacking in helpful theories. Only after 
much labor does law become apparent in the investiga- 
tion of nat.ural phenomena, particularly when these 
henomena nre 8s complex as those of our atmosphere. 

however, we c.an not doubt that the processes of weat.her 
are sim ly esamples of t.he operation of o r d i n y  hysicul 

treatment of the special robleins involved. Meteorology 

climates, and atmospheric phenomena lo) is essentially 
the physics OJ' the earth's and fundament- 
ally it IS the mecknics of the atmosphere, this term being 
taken to embrace both dynamics and thermodynamics; 
all other aspects are of minor importance. In addition 
to the meteorological information which had been 
accumulated up to the time we are now considerin there 
was a not inconsiderable knowledge of physics, %ut no 
one perceived the rela tionship between meteorolo 19tl 

them, until Hdley in 1686 and Hadey in 1735 l2 attempted 
to esplain thc. cause of the trade winds; the latter gave 
tm essendially correct esplunat.ion, although it needs 
revision from the dynamicul point of ~iew7.l~ By a 
similar yroc.css, ilstronoiny at  one stroke became an. esuct 
science, but meteorology took only one short step in thls 
direction; t.he transformation in the case of the latter 
could not really be in in earnest until after estensire 

theoretical physics. 
.InalFtical mechanics was brought to a high degree of 

erfec.tion during the eightee.nth c.entur through the 
rabors of Eider, Lagrange, Poisson, and Laplace. The 
third major period in the history of meteorology es- 
tended from 1800 to about 1850, and was particularly 
marked by numerous efforts to give logical explanations, 

the invention of the thermometer by Gali P eo in 1590, and 

major features of the general structure o P the atmos- 

laws, a f though special methods may be requirezfor the 

proper (i. e., exclusive o P the mere description of weather, 

phenomena and physical laws, and dared to com 'i: ine 

further advances in f )oth observational meteorology and 

___ . . . ._ - - . 

8 See Edgar W. Woolard: Historical note on charts 01 the distrlbution 01 temperature, 
pressure and winds over the surfme of the earth. Afoiithly Feuthtr Rcriwi, 4'1 1OE-411 
1920. Aiso, Edmund IIalley: On the height of the mercury in &be barometer ai )dlITereni 
elemtlons a1,oi.e the siirfare of the earth Phil Traits 118 104 16Mi; and On the propor- 
tional heat of the s u : ~  in aII latitudw Pdil. T&ns I i 'h7 i  lo&. 

Works, 11, pp -a Benjamin Franklin: 0 1 1  the norheast st-: t; Ndrth America. 

niuiirsrc mwwi i .  &I YOIS. 
ing met&ol?&f& the physical standpoilit Is 

+rinds and monsoons. Phil. 
Tranr 16 153-168 -1M. George IIadIey: Colreeruiug the cause of the general trade- 
winds'' Phi2 Tra&9!4 58-42 1735. 
u seb Elr N'spier Shw!  The his and ita Wayr, p. 53, crrmbrldge Preds, 1913. 

lar ely pralitative, for the observed facts. Meteorolog- 
ica P observations were increasin in number and in RC- 
curacy, and during t'his eriot notable pro ess was 

the elucidation of the henomena of storms. 
Deep insight into t R e phenomena of the atmosphere 

began to come, however, only when meteorology, having 
attained vigorous outh, began to be transformed into 

deed from having been completed, but great advances 
hare been made since the middle of the last century. 
There m e  two sides to the study of the at,mosphere, 
which can be pursued by different people who ma never 
meet eac4 ot.her: One is t.lie observation a.iid co 9 lection 
of facts, the other is the interpretation of t.he facts by 
physical and mathe.matica1 reasoning. The science of 
met.eorology '' includes the process of observing, of the 
first pa.rt: t,he corn ilation and sninmarizing, in maps or 

bhc application of mete( trologicnl principle.+, whir m- 
( .hies  t,he forer.ast.ing of future weatl-ler. of the third 
part,: and the devclnpinent of the science (if meteorolooy 
tif t.he fourt,h part,. Any one of t,he tirst. three may%; 
pursued iiccording to recognized cti.nms of procedure 
wit.h stitiF.f..fnctl)r,v rwult,s: every one of tlwui is indispen- 
s d h ,  and all three of t,heni may he  piirmd simultane- 
~)usly withnit tiny efr'er t i re  rerognitirn of t,he fourth 
part. which forms our only Z~VPIIIIC? to thr comprehension 
of the sec-rets of t . 1 ~  sequence of rneat.11er." I4 The niathe- 
Inn ticia.ns anti iimt.henint,irnl physic-isfs of tlie eighteenth 
c*ent.ury had niarle avnilable tor npplicii.t.ion many power- 
ful tools, and since t.he,n furt.her driking advances hRve 
been. and are being, rapidly irinde in these sub'ects; but 
in L ~ C  present positmion of metenrologJ7 t,liere sti h exist to 
sonic mt.ent, hvo undesirable extremes of o inion-one, 
to think bhr penetration into the secrets o P t.he subject 
t o  1)e so tlitlic.ult. t.hat, we inust be content to forego the 
~ittenipt m d  den1 with what me have: tlie other, to think 
it so easy that. nn l r  ubaervntions are re uired, and the 
truinin$ of our brain:.; (if no twwunt.. d owever, as Sir 
Na ier Slimv has eiii Iiasized, nothing useful can be done 

[io timi1 in imy proble111 denlin 7 wit.h Nature-but real 
fa(:t,s do not, as t i  rule, explain t. k eiiiselres-observations, 
howe\7er ni1iiieroiis and excellent, will not exonerate us 

made by Brandes, Dove, tedfield, Reid, an Cr Espy in 

an exact science; t. K is transformation is still very far in- 

nthel-r\.ise, of the P act.s of  ea t.lier, of t.lie second Rsft; 

v:itf P iciut. rea1 fact,s- 1 rains without. observations are of 

14 Bir Napier #haw: The outlook of meteorologlcsl sdence. Monthly Weatha E&, 
48, 31-37, 1WO. 



p k t e  solution of t.his problem has heen athined: such a 
solution would involve t.he reduct.ion of niet.eorology to a 
matahematicd science. Th c p r o p w  of emct  scicwce n1si.d 
nhwvs wa.it on. b h  P p rogre~s  of p r e  .nicrthrint:tir8; a.n.d n,o 
scienec! can. come to Pve-n a reirrtively rrdva:nced Rtote qf dp- 
ud0pn.en.t or pfrj‘rction. tr.ntil .it h0.8 hpfn, mnde fo rest on 
a m nthem.ab~i.ml bu.ndation nn.d has tirken on. (G m a t h -  
in,nai!ica;l Jonn. ti Tnfort.unat,ely, rtt t,he present time the sub- 
jects of pure matheniat.ics and matrhernat.isal hysics have 

plet,ely the actual roblenis of nHture involved in t.he 
st.ucly of t.lie atmosp ere, and w-ea t,her forecdin as con- 
cluct.ed by t.he chief met,eorological services of t. ie world 
has of necessit,y been completely pni i&vl. 

that, t,his 
shall alwtiys be the cme. Meteorology has in the past. 
gone t,hrougli t.he rarious st,ages of development. coiiiiiion 
to all the sciences and may be espected in the fut.ure to 
emulate those sciences which are at  present. ahead of it. 
In  it,s infancy n science is not nble to st:ind t,he strong nient 
of ma.theinatias; tint1 inntheiiu~t.ica1 itless init.iall7 find an 
application in it by slow processes, alt.hougli even in t.he 
preliminary stages mntheinn t,ics ninkes an essent.in1 y n -  
tribution in t.ha.t it furnishes t.lie onlp Inn-uage in which 
esact informatmion c m  be espressed in it Emrn such t.hnt. 
t.he mind can readily grasp the iinport of t.lie cliitn. 
viz., through elenlentmy stxtistical met,hotls. Politicnl 
scienc.e, economics, biology, psychology, nnil .geology are 
now tit. this stage of development,. In the period of vigor- 
ous youth, wliere chemistry i m v  he said t,o bc. 11 sc.ienw 
is not reduced t.o a mathemat.icd form, yet, it,s laws are so 
stated as to be subject, to t,he sharpest esperiiiienhl veri- 
fication, and it often emplors the eleinent,s of the differ- 
ential cnlculus. The most. mature scieiices Arc those 
which make t,he most, exteiuive use of iiinthemntics: 
physics is perha.ps the most msture natural science at. 
present, and t.he one whose recent progress has hecn t.he 
most rit id dnd whose ract,ical applications the most re- 

sources of pure mathemat,ics.15 
The elucidation of the renson for the fundarnentd and 

powerful role which purn mrtt,hemntics plays in physical 
science forms a fascinating and ext.ensive philosophical 
inquiry. One aspect of the matter is. however, apparent, 
u on a little thought: Mathematics is the only 1 : inpn  e 

standard of exactness and erfect.ion which? in order .to 

iact.ion? every science strives t.o attain. Lanyage of some 
kind is a condition of all propess in know edge byontl 
the merest rudiments-the mind can not, go far without 
a coherent syst.em of symbols for t,he representation of 
it.s concepts and constructs. and ns an aid to reason. 
Langua e introduces immense economy of mental effort : 
it enab f es communication between individuals: it. is a 
fundamental element in accumulating nnd retaining the 
heritage of the past.. The ordinary language of daily 
life, however, while adequat,e for the purposes which i t  
is designed to serve, has many shortcomings and defects 
which render it completely inadequate for use where 
precise and rigorous thinking in intricate and nb- 
st,ract matters is involved; and what the lmguage of 
daily life does for the thought. of usud int,ercourse the lnn- 
ua, e of mathematics does for exact. scient.& t.hought. 

. L f l  at, ematics furnishes the essential nieans for the es- 
pression of the. lattef; aside from its rigprous logic. its 
certainty, and its universalit , mathematics owes its su- 

not been developed to nn extent sufficient bo !l snclle com- 

y 
However, there is no just,ificatioii ! .or insisting - . ’ .  

R 

markab r e: i t  continua P ly t.ases t.o the utmost the re- 

a T; equate for use in a science which is to at,t.ain t.o t a c 

vield the maximunl pmct;cu. P usefulness rind ment,nl sntis- 

perior power to its symbolic r anguage, the most powerful 
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language known, mvhich enables it to completely outstrip 
every other science and every other method of reasoning: 
it su plies the su port without which the mind would be 

the desired results. “There is a certain storing, as it 
were, of intellectuiil force in the mathematical symbols, 
from which it can be reletmed with almost ex losive 

cessible to our unsupported power” or to the ower of 

matical symbols is an irrelevant convenience only; the 
content of an mathematical expression could be trans- 

, involved, and cumbersome that! no mean- 

unnb f e to carry t R rough the processes necessary to attain 

power. These become mi hty engines through t R e aid 
of which we can rear inte 5 ectual structures quite inac- 

ordinary language.1e Theoretically, the use o P mathe- 

hted into or B inary language, but the result would be 

be seen in it and no deductions performed 
upon it. 

Although there is probably nothing which more di- 
rectly concerns each m d  every person than the weather, 
rmd there are few things of more vital iniport.ance to 
many lines of activity t.han a knowledge of its future 
course, meteorology has been a com aratively neglected 

universit,ies; com twat,irely few peop!e have even tm ele- 
mentary knowlecge Q of the subject,: it has not been en- 
dowed with great observatories and institutions to the 
ext.ent that astrononip has: and it has not attract.cd the 
uttent.ion of a wry great. number of able physicists and 
mat,li~In:rt,!ciuns. Furbhermore, pract.icd meteorologists 
do not always look with favor upon the attempts of the 
mathenlatical phpsicist,s to advance the science of me- 
teorology; but it must be recognized that behind every 
high art there stands a higher science, that complete suc- 
cess in weatlier forecasting demands an equally com lete 

ut,inosphere: and that, satisfactory pro ess in the im- 
provement of daily predictions can only T e based on cor- 
responding rogress in our knowled e of t,heoretical me- 

ticians and liysicist~.’~ The method of forecasting by 

~ 1 1 1 ’  iidvance; it leads, as we - ow, to excellent and valu- 
nble results in the hands of t,he experienced, but it.e ca- 

acity is limited and t.he limit is very soon reached. 50 improve it, to rmry i t  further, or to make out the 
true inwardness of its application in special cases, we 
must, as Shaw, Abbe, and others have insisted, depend 
on advancing our knowled e of the dynamics and 
physics of the atmosphert.. ft  would be utterly absurd 
at  the present time to entertain seriously the idea of fore- 
casting weather. now or robably for many generations 

the heavenly bodies are forecast; nevertheless w e  are 
even now introducing ac<snti$c considerations into the 
making of forecasts, and every small advance in our un- 
derstanding of atmos heric phenomena will, sooner or 

tions, and will contribute in some measure towar mak- 
ing forecasting less of an empirical art and more of an 
exact science, whether or not we are ever enabled to 
reach or even remotely a proach the ultimate ideal oal 

Those who are im atient with mathematical studies on 
the atmosphere as{, “HOW can this be of any use? The 

science, especial1 7 on its ~liysical an B mathematical side. 
I t  is riirely taug h t in any adsquatme or est,ensive way at  

knowledge of the sciences involved in the motions o P tmhe 

t,eorology o&ained wit.h t.he help o f the best mathema- 

M emFirica1 ru P es and past ex erience is only a stage in 

to come, by mathematica P equations as the movements of 

later, be found to be o l p  practical use in improving redic- 

of exact mathematical c &Q culation of the coming weat Ti er. 

B 

18 R. D. Carmfcbael: The lsrger humen worth ofmathematics. Srinrhjie Mmtblv 
14,417-468.19!32. Also, E. D. Roe, jr.: A survey of mathematics and astronomy, fbM., 

h See I leveland Abbe: The s of sclence asillustrated by the development of 
metcornlog Ann. RM. o/ ti?i%mnia~~ ImiUui(0n for 1901, pp. 187-308. Warh- 
17 248,1923. 

lngtaa. Id 
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calculations must require a 
Under the most favorable 
learned gentlemen perha s three months to calculate the 

What satisfaction is there in being able to calculate 
tomorrow’s weather if it takes us .a year to do it?” 
Bjerknes has answered quite clearly: ‘-If only the cdcu- 
lation shall agree with the facts, the scientific victory 
will be won. Meteorology would then have become an 
exact science, a true physics of the atmosphere. When 
that point is reached, then the practical results will soon 
develop. I t  may require years to bore a tunnel through 
a mountain. Many a laborer may noB live to see the cut 
finished. Nevertheless this will not prevent later comers 
from riding throu h the tunnel ab e s  ress train speed. ”Is 

tory opens with the first attempts a t  constructing mathe- 
matical theories of the phenomena of the earth’s atmos- 
phere, beginninm with the remarkable pioneer work of 
the American Rilliam Ferrel,’* which ave a strong 
im ulse to similar theoretical research f y  Helmholtz, 
GJdberg and Mohn, Hertz, von Bezold, Oberbeck, 
Sprung, Margules, and others. Most of this literature 
has been collected and translated into English by Abbe,lo 
and in addition we have a comparative study of the 
different theories be Bi elow?’ and an escellont test- 

weather that Nature wi l  ? bring about in three hours. 

The fourth an d present period o P nieteorological his- 

book by E ~ n e r . ~ ~  Short 4 y after 1850 the various gov- 

graph weat,her P orecasting was initiated; in the latter 
art of the century the esploration of the upper air by 

ktes and sounding balloons began, and in recent years 
has increased great1 , especially through the use of the 
pilot balloon. Muc t of the observational information 
upon which the construction of theories must rest has 
been gathered together by Hildebrandsson and Teis- 
serenc de B0rt,2~ but meteorologists are still greatly 
handicapped b the lack of adequate observational in- 
formation. d e t h e r  one is studyin meteorology from 
the standpoint of practical day-to- i a s  forecasting (by 
whatever method) or from the standpoint of the mathe- 
matical theory of meteoro1ogic.d phenomena, satisfactory 
progress can not result until we have daily synoptic charts 
and aerological data covering in detail at least an entire 
hemisphere. Meteorology is eculiarly insatiable among 
the sciences in its demands Y- or data. In recent years, 
much has been done toward making possible a fairly 
satisfactory daily surface synoptic chart for a large part 
of both the land and water of the Northern Hemisphere, 
but information concerning the upper air still remains 
extremely fragmentary. 

In  order to make our roblem tractable at all, partic- 
ularly at  the start, simpfifying assum tions have to he 

able, workable ideal. d c h  of the work just mentioned 
deals with more or less ideal cases,2’ in some of which 

ernments began es tablishing weather bureaus, 
charts were pre ared, and with the advent of 

made-the natural realit must be rep P aced by a reason- 

-- - 
18 See V. Bjarknes: Peteorology as an evsct sclence. Monthly IFi-a’raUcr Rclriew, 42, 

11-11 1914. 
19 *m. Ferral: The motions of fluids and solids on the earth’s surfsee. Prof. Paper8 

qfthe S f g d  SQuice No. VIII. Washington, 1882. Yeteorolo&al researches for the 
use of the Go& P h t ,  Re U 5 Coat$ 5wocii 1975 1578 and lpsl Recent 
sdvanees In meteor01 L. 8ki f i i ;ml  o~iccr for iea, A~pp. S, washiniton, im. 
A m h r  trmtfrc n%tcinds New York, 15~59. 

p. 376- 
478.. WasMnpm: 1878. The mechanics of the earth’s atmosphere. second &:&ion, 
Smdh. Mfsr oll 843 Washington 1891: third collection Y m S  Mise. CoU vol. 51 
No. I, Washington dl0 Sea also’Mamel Brillouin: iU&oires &igimu~ m u  ib cfrcuh! 
tlon ghl ra l s  de l’dbaspke, Paris, 1900. 

F. E. Bigelow: Re ort on the internatlonnl cloud observations. Re@. of the Chiel 
of the Wmther Burtar& 1888-89, vol. 11. Wash!ngton, 1900. F M Exner Dynamische Meteor0 le Leipzig 1917 

11 &;brand kldebrandsson and L%ekserene dkBor6 Lea h e r  de la nrlt(oro1oplr 
dynumique Paris 1S%-1905. 2 vols. See also the British Ria gondtal, 

01 this’ naturiare the verp recent khematical studies of? kobayan “On the 
mechanism olc clonss and sntrcyclones,” Qsar. Jour. Roy. Met. ~ o c . ,  49, 17h39, 1 9 :  
and V E R “Trsvell~ng cyclones.” Pub. Jra del Damkc bl&orologiake Inublt. 
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e ortmemodrs onmeteorol~gicslsubjects. A m .  Rcpt. 5mlth. Inat. for 1877 
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assumptions are introduced which carry us right awa 

neverexist, and in othe1.s of which there is considered 
from actual conditions into hypothetical states whi CE 

certain limited region by mathematical calculations based 
directly on physical laws applied to meteorological data 
as com lete as obtainable, mainly by employing gra hical 
methog to solve the differential equations involveb12a 

- . - . . . .---- 

2 votc. Cam& I?uU- 



DECEMBER, 1923. MONTHLY WEATHER REVIEW. 649 

In  the system of fundamental partial differential 
equations expressing the state of the atmosphere, there 
are four inde endent variables-time, elevation above 

endent variables-the three components of wind ve- 
kcity, pressure, temperature, density, and 'oint mass of 

The equations are the three hydrodynamical ecluations 
of motion of a fluid covering a rotating globe, the equation 
of continuity, the characteristic equation of state for 
gases, and two thermodynamical equations relating to 
the conveyance of heat and water.z7 

Special difficulties are at once encountered in connec- 
tion with the hydrodynamical equations.z8 In the first 
place, classical hydrodynamics assunies the density to be 
a function of the pressure only,ag whereas in the atnios- 
phere many other independent variables, such as tem- 

The h .dro- 

densit is a function of other variables besides the pres- 

enough has been incorporate1 in only one treatise on 
 hydrodynamic^.^^ In  such fluids surfaces of equal den- 
sity are not always surfaces of equal pressure and the 
formation and annihilation of vortices are possible.31 In 
the second lace, the resistance of the surface of the 

thereof give rise to a very turbulent condition of the 
lower atmosphere, the effect of which must be taken into 
account. Tlze ordinary viscosity of the air is so sniall that 
it  ma be neglected, but the effect of turbulence is to 

times greater than the ordinary viscosity.3a phis turbu- 
lence is an extremely important factor in the transmission 
of heat and water vapor through the atmosphere. 

The only forces acting on any mass of air are gravity, 
hydrostatic pressure, and friction; the acceleration of the 
mass is corn osed of two parts-acceleration relative to 

tion common to this surfam itself; it is the acc.eleration 
of the surface which gives rise to the so-called "deflecting 
force of the earth's rotation." 
(1) Eulerian winds, in which the rotational and frictional 
terms in the equations of motion are so mtdl in conipari- 
son with the accelerational terms that they ma be neg- 

horizontal pressure radient, as in ordinary elementary 
hydrodynamics; (2) beostrophic winds:' in which the ac- 
celerational and frictional t'ernis are negligible in coni- 
parison with the terms arising from the rotation of the 
earth-the velocity is a t  right angles to the pressure gra- 
dient, givi rise to the interestina paradox that, in the 
Northern zemisphere, air pushe3 north blows east; 
and (3) Antitriptic winds, in which the accelerational and 

mean sea leve f , latitude, and longitude-and sepen de- 

solid, liquid, and gaseous water per mass o 1 atmosphere. 

erature and humidity, affect the densit . 
$ynamics of barnclinic fluids, i. e., f luid in whic l the 

sure- i as been worked out b Bjerknes, but strangely 

earth and t % e disturbances caused by the irregularities 

give t rl e air a virtual or pseudo viscosity many thousand 

the surface o P the earth, which is observable, and accelera- 

There are three 

lected-the observable acceleration c.orrespon C r  s to the 

See R'erhes; Morrrrm~ WF.ATAER REVIEW, 4!2,11-14,1914; Abbe, The weather map 
on the polar rojection M0N"t.Y WEATHER REVIEW 52 364% 1QU; and L. F. Rich- 
ardson. Akt& prcdidon by numtriual process, chap. &. dambridgo Press 1922. 

Foithederivation of theseequations xee: I. H..Ifans,Dynamfcal Iheoory b gaar8.3d. ,  
Cambridge Press, 1921 pp. 165-lis; P. Ap ell, Trait6 df nilcaniqur rdionrd, TomeIII, 
3 ed. Paris, 1921; H. L m b .  H@rodyPlcrm& 4 ed., Cambridge, 1916, p. 319. 

h b ,  op. ti! Art. P; Ap, ell, o CII Art. 62;. 

See V. Bjerknes: On the dynamics of the circular vortex, with (L plhtio11s to the 
atmm here and atmospheric rortax and wave motiom. (Ireopyadc Publitalioncr, 
Vol If No.4 KrIstlania 1921. 

G. I. kaylor: Edhy motion in the atmosphere Phil. Tram., A215, 1-%,1914, 
and later (L ers cited in the bibllopraphy on p. 92 of Rihrdson op.  rit. 
a Ha& felireys: On the dynamics of wind. Quar. Jour. Roi. did. Sac., 49, 3-47' 

I=?. 
a Sir Napler Shaw: iifanual ofmdcwolog~; Part I\', The Relation of the wind to the 

distribiition of barometric resure. Cambridge Press 1919. 
0 W. J. Humphreys: rsmtam prourrbs and paradoid, p. 8s. Baltimore, 1923. 

80 Appd, op. J.. chap x J ,  pp. ti2-635. 
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rotational terms are neglioible in comparison with the 
frictional teim-the wind %lows in the direction of the 

radient, but without acceleration. Examples 
of these t ree clssses are, res ectively, tropical cyclones, 
slow-moving estrat.ropica1 cyc ones, land-and-sea breezes. 

Eastern mnthaniaticnl genius has recently made its 
entry into our field, in the work of Fujiwhara.3' In ordi- 
nary fluids, vortices of the same scnse of rotation have a 
tendency to approach, and those of opposite senses to 
separate, just the o posite of what happens in an ideal 

haviour of cyclones and ant.icyclones. Emp!o-ying a well 
known equation, due to Hesselberg and Friedrnann, for 
the determination of the rate of change of the vorticity of 
horizontal motion in the atmosphere, Fu'iwhara shows 

in the vorticity of the surrounding air, and undertakes a 
new theorr of the production and growth of cyclones 
along the polar front, in which a number of known facts 
come together in harmony. 

The most thoroughgoing and c.ompre1iensive attempt to 
reduce the treatment of the phenomena of the atmos- 
phere, as actually- presented to us in Nature, to a system- 
atic branch of mat.hematica1 phpic,s is that of the British 
physicist L. F. Ri~liardson.~' In his study, practically 
every hysical and dq-namic.al process in the atmosphere 

c.oordinated into a systematic whole and expressed by a 
set of equations which aid greatly in obtaining an insight 
into how the meteorologic?l eleinonts act and react on 
each other. Whatever direction practical forecasting 
may take in the future, Richardson's work can not fail to 
be of great practical benefit, aside from its purely scien- 
tific interest and importance. 

At present it is perhaps best to separate suc.h highly 
theoretical investigations from m y  suggestion of imme 
dinto direct a plication to forecastin?; it is extremely 

of Finite Differences, and applies it to the coinput,ation of 
c.0min.g weather, using a very complete set of suiface .and 
free-air data which happens to be available for middle 
Europe at  1910, May 20, 7h., G. M. T. The resulting 
I'  forecast'' is rather disappointingly in error, however, 
particularly in respect to the ressure changes, because, 

o H course thecalculations areso prohibitively laborious as to 
preclude the possibility of ever actually maklng forecasts 
in this way; besides, much of the redly interesting detail 
in theweatheris" smoothed out"by themet.hodof solution. 

An adequate comprehensive treatise on. dynaniic.al 
meteorology, for the reader with extensive mathematical 
training, has not yet been written, although greatly 
needed. The advancement of meteorology from this 
standpoint will long offer a fertile field for research by the 
mathematical physicist, and it is desirable that as man? 
as possible be attracted to it. Purely mathematical 
difficulties, no matter how great, must eventually be 
overcome, for the Philosophy of Mathematics teaches us3* 
that the power of pure matheinatics is unlimited-its 
advance can not be stayed-because it meets dfficulties 
by a creative act of the mind which leaps over them. 

F 

fluid; this may exp P am Okada's Law concerning the b e  

that the most important source of energy i or a cyclone is 

pressure f 

is ana P yzed in detail, all meteorological phenoniena are 

interestin to L - ow, however, that Ric lardson obtains a 
solution o 5 his set of equations b;v ineans of the calculus 

a parently, of inaccuracies in t P le observationd data; and. 

M S. Fujiwhara: On the growth and deeay of vortical systems sur1 tho mcchanism of 

87 L E Richardson. n'mthrr prC2kliOn by numfriml r o c h  Cahridge Press, 1922. 
88 S;e i. B. Shaw. Ltctvrrs an the philosophy o/n&atfcmatirr. Chicago, 1018. 

extratroprcal cyclones. Bull. C-mtrd M e t .  Oh?. of Japan, 3 lil-!2J8 19.23. 


